Introduction {#section5-1758835920915302}
============

Glioblastoma is an astrocytoma-type brain tumour that represents 60% of all brain tumours in adults, with an incidence 2--3 cases per 100,000 people in Europe and North America.^[@bibr1-1758835920915302]^ According to the World Health Organisation, glioblastoma belongs to the most malignant, grade IV group of brain tumours.^[@bibr2-1758835920915302]^ It is also one of the deadliest cancers, as most patients with glioblastoma die within 14 months of diagnosis, despite receiving standard therapies.^[@bibr3-1758835920915302]^ The fatal nature of glioblastoma arises for several reasons. The boundaries of these tumours are poorly defined, which makes it difficult to surgically remove the entire mass of the tumour.^[@bibr3-1758835920915302]^ Furthermore, groups of cells, or even a single cell, can detach from the original tumour and travel to other parts of the brain to form a new tumour.^[@bibr3-1758835920915302]^ In addition, the brain is separated from the rest of the body by the blood-brain barrier, which is hard to penetrate and represents an obstacle in the design of new drugs.^[@bibr4-1758835920915302]^

Glioblastoma is known for high heterogeneity. The cells follow a hierarchical organisation, at the top of which are the most potent glioblastoma stem cells,^[@bibr5-1758835920915302]^ which are cancer stem cells, and are defined as cells that can self-renew and differentiate to other glioblastoma cells.^[@bibr6-1758835920915302]^ Glioblastoma stem cells are also resistant to radiotherapy and temozolomide, the most common chemotherapeutic agent used in standard glioblastoma treatments, and they are therefore believed to be responsible for tumour relapse.^[@bibr7-1758835920915302],[@bibr8-1758835920915302]^ The limited efficacy of glioblastoma treatments due to the high recurrence rates and overall resistance to radiotherapy and chemotherapy therefore dictates the need for the development of better therapeutic approaches, and especially those that target glioblastoma stem cells. One of the established and prospective ways to target cancers is with monoclonal antibodies.^[@bibr9-1758835920915302]^ These, however, have some drawbacks, and have not yet made significant advances for the treatment of glioblastoma.^[@bibr10-1758835920915302]^

This study focused on nanobodies, which are the 15-kDa antigen-recognizing parts of the heavy-chain-only antibodies produced by *Camelidae* (camelids), and while they retain some specifics of monoclonal antibodies, they also have some unique characteristics.^[@bibr9-1758835920915302]^ Structurally, nanobodies are similar to the heavy chain variable (VH) part of classical antibodies, but with two important exceptions: their CDR3 region is longer, and particular hydrophobic amino acids in the framework-2 region are substituted by hydrophilic amino acids, which makes them water soluble.^[@bibr9-1758835920915302]^ The other advantages of nanobodies over classical monoclonal antibodies are that they are exceptionally stable under harsh conditions, and they can be produced economically in microbial hosts such as *Escherichia coli* and yeast with high yields.^[@bibr11-1758835920915302],[@bibr12-1758835920915302]^ Nanobodies also penetrate tumours more rapidly and have more favourable tumour distributions in comparison with monoclonal antibodies.^[@bibr13-1758835920915302]^

To translate nanobodies into therapies, however, there are some obstacles that need to be confronted. Nanobodies are eliminated rapidly from the human body because their molecular weight is below the renal cut-off of 60 kDa. However, they can be bound to other protein units to increase their molecular weight, so as not to be rapidly cleared from the serum circulation, and thus to prolong their half-life in the body.^[@bibr14-1758835920915302]^ A very attractive way that has been shown to extend the life span of some drugs is also through the neonatal Fc receptor (FcRn) rescue mechanism.^[@bibr15-1758835920915302]^

An important aspect of nanobodies is that they can potentially be used for glioblastoma treatments, as it appears that there are some mechanisms for their penetration of the blood--brain barrier.^[@bibr16-1758835920915302]^ They can be bound to a functional unit that enables their penetration, such as a protein that binds to α(2,3)-sialoglycoprotein receptors, transferrin receptors or low-density lipoprotein receptor-related protein 1.^[@bibr16-1758835920915302]^ In addition, it has been reported that if the nanobodies have a basic isoelectric point, they may penetrate the blood--brain barrier themselves, and bind to their target.^[@bibr17-1758835920915302]^ However, few such studies have been carried out, and more research is required to characterise more precisely the mechanisms behind the penetration of the blood--brain barrier by different nanobodies. Indeed, to date, there has been only one report of *in vivo* targeting of glioblastoma with nanobodies, which showed promising results in an experimental mouse model.^[@bibr18-1758835920915302]^ However, naked nanobodies have been used successfully in the intracranial human epidermal growth factor receptor 2 positive breast cancer model for imaging in mice.^[@bibr19-1758835920915302]^

In our previous studies, alpacas were immunised with whole glioblastoma cells enriched in glioblastoma stem cells. Following the protocol of Vincke *et al.*, a phage display nanobody library was constructed.^[@bibr20-1758835920915302]^ Panning of a protein extract from glioblastoma tumour tissue from a patient and of protein extracts from glioblastoma stem cells (i.e. NCH644, NCH421k cells) provided nanobodies against eight antigens that were subsequently identified by mass spectrometry, and were thus proposed as candidates for tumour-class predictive biomarkers.^[@bibr21-1758835920915302],[@bibr22-1758835920915302]^

We report here on the validation of the expression of these antigens at the cellular level, namely in glioblastoma cells and astrocytes, using qPCR, ELISA and immunocytochemistry. We have also performed immunohistochemical analysis of the antigen expression in normal brain, glioblastoma and lower-grade glioma tissues. Furthermore, we have tested the effectiveness of the eight nanobodies directed against these antigens for reduction of cell survival in comparison with temozolomide. The four most effective nanobodies were then selected to examine whether they can be used to induce cell apoptosis/necrosis, and to impair cell migration, and to see if consecutive treatments and/or different nanobody combinations can potentiate their cytotoxicities. The results show that these selected nanobodies can be used to efficiently target glioblastoma cells and glioblastoma stem cells.

Materials and methods {#section6-1758835920915302}
=====================

Cell culture {#section7-1758835920915302}
------------

The U251MG and U87MG glioblastoma cell lines were from American Type Culture Collection. They were cultured in Eagle's minimum essential medium (Sigma-Aldrich) supplemented with 5% foetal bovine serum (Sigma-Aldrich), 1 mM sodium pyruvate (Sigma-Aldrich), 1% non-essential amino-acids solution (Gibco) and 1% antibiotic--antimycotic solution (penicillin/streptomycin/amphotericin B; Gibco). The NCH644 and NCH421k glioblastoma stem cell lines were from CLS Cell Lines Service GmbH, and were cultured separately or as co-cultures (NCH co-cultures) in Neurobasal medium (Gibco) supplemented with 1% GlutaMax (Gibco), B27 supplement (Gibco), 20 ng/mL EGF (Gibco), 20 ng/mL bFGF (Gibco), 1 U/mL heparin (Sigma-Aldrich) and 1% antibiotic--antimycotic solution (penicillin/streptomycin/amphotericin B; Gibco). The human astrocytes were from ScienCell, and were cultured in Astrocyte medium (ScienCell) supplemented with 2% foetal bovine serum (ScienCell), 1% astrocyte growth supplement (ScienCell) and 1% penicillin/streptomycin (ScienCell).

Antibodies {#section8-1758835920915302}
----------

The antibodies used were all from Sigma-Aldrich and are listed in [Table 1](#table1-1758835920915302){ref-type="table"}.

###### 

Antibodies used in the study.

![](10.1177_1758835920915302-table1)

  Antibody                        Sigma-Aldrich catalogue number   Experimental system
  ------------------------------- -------------------------------- ---------------------
  a-TRIM28                        WH00101551                       ELISA, ICC, IHC
  a-NUCL                          SAB130550                        ELISA, ICC, IHC
  a-VIM                           V6389                            ELISA, ICC, IHC
  a-NAP1L1                        SAB1400175                       ELISA
  a-NAP1L1                        SAB1401253                       ICC, IHC
  a-TUFM                          Amab90964                        ELISA, ICC, IHC
  a-CRMP2 (a-DPYSL2)              C2993                            ELISA
  a-DPYSL2                        HPA002381                        ICC, IHC
  a-CRMP1                         HPA035640                        ELISA, ICC, IHC
  a-ALYREF                        A9979                            ELISA, ICC, IHC
  Goat anti-rabbit AP conjugate   A3687                            ELISA
  Goat anti-mouse AP conjugate    A3562                            ELISA
  Anti-mouse CF640R               SAB4600396                       ICC
  Anti-rabbit CF640R              SAB4600399                       ICC

ALYREF, Aly/REF export factor; AP, alkaline phosphatase; CF640R, rhodamine-based far-red fluorescent dye; CRMP1, collapsin response mediator protein 1; DPYSL2, dihydropyrimidinase-related protein 2; ELISA, enzyme-linked immunosorbent assay; ICC, immunocytochemistry; IHC, immunohistochemistry; NAP1L1, nucleosome assembly protein 1-like 1; NUCL, nucleolin; TRIM28, tripartite motif containing 28 protein; TUFM, mitochondrial translation elongation factor (EF-TU); VIM, vimentin.

Nanobodies {#section9-1758835920915302}
----------

The nanobodies were produced in *E. coli* and isolated using periplasmic extraction, as described previously.^[@bibr20-1758835920915302]^ All of the nanobodies contained a 6×His-tag and were purified using nickel immobilised metal affinity chromatography and size exclusion chromatography. Their purity was confirmed by SDS-PAGE. The corresponding antigens were determined by mass spectrometry; however, the nanobody affinities and epitopes have not been determined.^[@bibr21-1758835920915302],[@bibr22-1758835920915302]^ For the experiments, the nanobodies were prepared in phosphate-buffered saline (PBS) at the same pH as the nanobody isoelectric point. Eight different nanobodies that were previously characterised by Jovcevska *et al.*^[@bibr21-1758835920915302],[@bibr22-1758835920915302]^ were initially used: Nb237 \[anti-tripartite motif containing 28 protein (TRIM28)\], Nb10 (anti-nucleolin), Nb79 (anti-vimentin), Nb179 \[anti-nucleosome assembly protein 1-like 1 (NAP1L1)\], Nb225 \[anti-mitochondrial translation elongation factor (EF-TU) (TUFM)\], Nb314 \[anti-dihydropyrimidinase-related protein 2 (DPYSL2)\], Nb394 \[anti-collapsin response mediator protein 1 (CRMP1)\] and Nb395 \[anti-Aly/REF export factor (ALYREF)\].

Quantitative PCR {#section10-1758835920915302}
----------------

RNA was isolated from the U251MG and U87MG cells, co-cultures of NCH644 and NCH421K cells (NCH co-cultures) and astrocytes using TRI reagent (Sigma-Aldrich), as instructed by the manufacturer. RNA concentrations were estimated using a spectrophotometer (NanoDrop ND-1000; NanoDrop Technologies, USA), and their purities determined according to the ratios of absorption 260 nm to 280 nm and 260 nm to 230 nm (A~260~/A~280~ and A~260~/A~230~). RNA integrity was determined using a bioanalyser (2100; Agilent Technologies, USA).

First, the isolated RNA was treated with recombinant RNAse-free DNAse I for 15 min at 30°C, and then for 10 min at 75°C. Then, 2 µg of each RNA sample was transcribed to cDNA (Transcriptor Universal cDNA Master; settings: 5 min at 25°C, 10 min at 55°C, 5 min at 85°C). Quantitative PCR (qPCR) was performed using the Roche LightCycler 480 platform. The reaction mixture consisted of 0.75 µL cDNA, 2.5 µL 2× LightCycler 480 SYBR Green I Master, 0.3 µL of each 2.5 mM primer, and 1.15 µL distilled H~2~O. The total volume was 5 µL. qPCR was performed with the following thermal cycling: pre-incubation: 10 s at 95°C; cycling: 20 s at 60°C and 20 s at 72°C for 45 cycles; melting curve: 5 s at 95°C and 1 min at 65°C; continuous: at 97°C; and cooling: 30 s at 4°C. The ribosomal protein L13a (*RPL13A*) and cytochrome *c*-1 (*CYC1*) genes were used for normalisation. The primers used for the normalisation genes were selected from the literature, while the primers for the genes of interest were from PrimerBank PCR primer database for quantitative gene expression analysis (<https://pga.mgh.harvard.edu.primerbank>).^[@bibr23-1758835920915302][@bibr24-1758835920915302][@bibr25-1758835920915302][@bibr26-1758835920915302][@bibr27-1758835920915302]--[@bibr28-1758835920915302]^ The primer sequences for all of the genes are presented in [Table 2](#table2-1758835920915302){ref-type="table"}. Analysis of relative mRNA expression was determined as previously described.^[@bibr26-1758835920915302]^ Briefly, the expression of each of the study genes was normalised to the expression of the reference genes.

###### 

Primer sequences for the genes analysed in this study.

![](10.1177_1758835920915302-table2)

  Gene       Primer sequence (5'→3')                Amplicon length (bp)
  ---------- -------------------------------------- ----------------------
  *TRIM28*   F: TGA GAC CTG TGT AGA GGC G           93
             R: CGT TCA CCA TCC CGA GAC TT          
  *NUCL*     F: GAA CCG ACT ACG GCT TTC AAT         93
             R: AGC AAA AAC ATC GCT GAT ACC A       
  *VIM*      F: TGC CGT TGA AGC TGC TAA CTA         248
             R: CCA GAG GGA GTG AAT CCA GAT TA      
  *NAP1L1*   F: AAA GCA CGT CAG CTA ACT GTT         146
             R: TTG AGA GCA TTC ACT CGT CTT TT      
  *TUFM*     F: AAA GAA GGG AGA CGA GTG TGA         80
             R: TGT GGA ACA TCT CAA TGC CTG         
  *DPYSL2*   F: GTG ACT ACT CTC TGC ATG TGG A       87
             R: TTA CCC CGT GAT CCT TCA CAA         
  *CRMP1*    F: AGT GAC CGA CTC CTC ATC AAA         119
             R: CCA GGA ACG ATT AAG TTC TCT CC      
  *ALYREF*   F: ACA TTC AGC TTG TCA CGT CAC         77
             R: TCT AGT CAT GCC ACC TCT GTT TA      
  *RPL13A*   F: CCT GGA GGA GAA GAG GAA AGA GA      126
             R: TTG AGG ACC TCT GTG TAT TTG TCA A   
  *CYC1*     F: GAG GTG GAG GTT CAA GAC GG          160
             R: TAG CTC GCA CGA TGT AGC TG          

ALYREF, Aly/REF export factor; CRMP1, collapsin response mediator protein 1; CYC1, cytochrome *c*-1; DPYSL2, dihydropyrimidinase-related protein 2; F, forward; NAP1L1, nucleosome assembly protein 1-like 1; NUCL, nucleolin; RPL13A, ribosomal protein L13a; R, reverse; TRIM28, tripartite motif containing 28 protein; TUFM, mitochondrial translation elongation factor (EF-TU); VIM, vimentin.

Enzyme-linked immunosorbent assay {#section11-1758835920915302}
---------------------------------

Proteins were isolated from NCH co-cultures, and U251MG and U87MG cells and astrocytes (ProteoExtract Transmembrane Protein Extraction kits; Novagene), following the manufacturer instructions. Protein concentrations were measured using protein assay kits (Pierce BCA; Thermo Scientific).

The isolated cytosolic and membrane protein fractions were diluted to a final concentration of 2 µg/mL in 1 M NaHCO~3~ (pH 9) and used to coat the enzyme-linked immunosorbent assay (ELISA) plates (NUNC Maxisorp) at 100 µL/well overnight at 4°C. The next day, the wells were washed three times with 0.01% Tween in PBS, and the residual binding sites were blocked with 5% milk in PBS for 1 h at room temperature. Prior to the application of the primary antibodies, the wells were washed again. The primary antibodies were diluted in 1% milk in PBS to a final concentration of 1 µg/mL ([Table 1](#table1-1758835920915302){ref-type="table"}). After a 1-h incubation at room temperature, the wells were washed again, and the secondary goat anti-mouse or goat anti-rabbit alkaline-phosphatase-conjugated antibodies were applied (1:2000 in 1% milk in PBS). After a 1-h incubation at room temperature, the wells were washed and the alkaline phosphatase substrate was applied (Sigma-Aldrich). The signals were measured at 405 nm over different times (30, 90, 150 and 300 min, and overnight). All experiments were performed in triplicate.

Immunocytochemistry {#section12-1758835920915302}
-------------------

Initially, U251MG cells (4 × 10^4^) were seeded on coverslips, and U87MG cells (1.5 × 10^5^), NCH co-cultures (1.5 × 10^5^) and astrocytes (1 × 10^5^) were seeded on poly-[d]{.smallcaps}-lysine (Sigma-Aldrich) pre-treated coverslips, with all cell lines incubated for 24 h. The next day, the cells were washed three times with PBS. The U251MG cells were fixed in ice-cold methanol for 10 min at room temperature, and washed with PBS three times for 10 min. The U87MG cells, NCH co-cultures and astrocytes were fixed in ice-cold 4% formaldehyde for 15 min, washed three times for 10 min with PBS, and then permeabilised with 0.1% Triton X-100 in PBS for 15 min at room temperature. All cell lines were then blocked with 5% bovine serum albumin in PBS for 1 h at room temperature. Then, the primary antibodies were added at the appropriate dilutions (30:1000 mouse anti-TRIM28, 16:1000 mouse anti-nucleolin, 2:1000 mouse anti-vimentin, 12:1000 mouse anti-TUFM, 12:1000 mouse anti-NAP1L1, 8:1000 rabbit anti-DPYSL2, 40:1000 rabbit anti-CRMP1 or 20:1000 mouse anti-ALYREF, [Table 1](#table1-1758835920915302){ref-type="table"}) and incubated overnight at 4°C. The next day, the cells were washed three times with PBS for 10 min, and then incubated with the secondary antibodies (anti-mouse, 3:1000; anti-rabbit, 3:1000) for 1 h at room temperature. Subsequently, the cells were washed three times with PBS for 10 min, incubated with 300 nM 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) for 10 min, washed again three times with PBS for 10 min, and mounted on slides using ProlongGlass (ThermoFisher Scientific). Images were taken with an imager (Axio Imager M2; Zeiss) equipped with ZEN software. All of the samples were excited by filters at wavelengths of 335--383 nm (DAPI) and 574--599 nm \[rhodamine-based far-red fluorescent dye (CF640R)\], with filter emission wavelengths of 420--470 nm (DAPI) and 612--682 nm (CF640R). Images of U251MG and U87MG cells and astrocytes were taken under the 40× objective (EC Plan-Neofluar 40×/0.75 M27), and images of the NCH co-cultures were taken under the 63× oil-immersion objective (Plan-Apochromat 63×/1.40 Oil DIC M27), using a digital camera (AxioCamMR3). The images were analysed using ImageJ.^[@bibr29-1758835920915302]^

Immunohistochemistry {#section13-1758835920915302}
--------------------

Tissues were fixed in paraffin, and slices (4--6 μm) were cut and mounted on adhesion slides (Thermo Scientific). The samples were processed with CC1 buffer (cat. n° 951--124; Ventana) and then incubated with primary antibodies at the appropriate dilutions for 30 min at 38°C (mouse anti-TRIM28, 1:150; mouse anti-nucleolin, 1:200; mouse anti-vimentin, 1:200; mouse anti-NAP1L1, 1:50; mouse anti-TUFM, 1:500; rabbit anti-DPYSL2, 1:200; rabbit anti-CRMP1, 1:100; mouse anti-ALYREF, 1:100) ([Table 1](#table1-1758835920915302){ref-type="table"}). The samples were then stained using an automated slide preparation system (Ventana Discovery). Signal detection was performed using detection kits (iView DAB Ventana). Each tissue sample was ranked as one of five categories (0--4) according to the proportion of positive cells: 0, negative staining; 1, \<25% positive; 2, 25--50% positive; 3, 50--75% positive; 4, 75--100% positive. The mean scores were calculated. Student *t* tests were used to define statistical significance between glioblastoma and lower-grade glioma samples. The samples with corresponding patient information are listed in [Table 3](#table3-1758835920915302){ref-type="table"} (i.e. sex, average age at operation, isocitrate dehydrogenase status).

###### 

Glioblastoma and lower-grade glioma samples.

![](10.1177_1758835920915302-table3)

  ---------------------------------------------------------------------------------------------------------------------------
  Antigen                         Glioblastoma   Lower-grade glioma                                           
  ------------------------------- -------------- -------------------- ---- ----------------- ----- ----- ---- ---------------
  TRIM28, TUFM, NUCL              5/10           5/10                 68   10/10 wild type   4/8   4/8   48   7/8 mutant;\
                                                                                                              1/8 wild type

  VIM                             6/11           5/11                 68   10/10 wild type   2/4   2/4   49   4/4 mutant

  NAP1L1, DPYSL2, CRMP1, ALYREF   6/11           5/11                 68   10/10 wild type   4/8   4/8   48   7/8 mutant;\
                                                                                                              1/8 wild type
  ---------------------------------------------------------------------------------------------------------------------------

ALYREF, Aly/REF export factor; CRMP1, collapsin response mediator protein 1; DPYSL2, dihydropyrimidinase-related protein 2; NAP1L1, nucleosome assembly protein 1-like 1; NUCL, nucleolin; RPL13A, ribosomal protein L13a; TRIM28, tripartite motif containing 28 protein; TUFM, mitochondrial translation elongation factor (EF-TU); VIM, vimentin.

Cell viability assays {#section14-1758835920915302}
---------------------

Cell viabilities were determined using the AlamarBlue reagent (Invitrogen). First, the U251MG and U87MG cells (1 × 10^3^), NCH co-cultures (5 × 10^3^) and astrocytes (4 × 10^3^) were seeded in 70 μL medium and incubated for 3 h at 37°C, in a 5% CO~2~ atmosphere. Then, 10 μg/mL and 100 μg/mL nanobodies or 50 μM temozolomide were added, to a final volume of 100 μL. Non-treated cells were used as the control, and growth medium as the blank. The cells were incubated for 24 h, 48 h and 72 h. Next, 10 μL AlamarBlue was added, followed by a 3-h to 4-h incubation. When the colour had evolved, the absorbance was measured at 570 nm and 600 nm using a microplate reader (Synergy H4; BioTek). Cell survival was determined as described in the manual for the use of the AlamarBlue reagent (Invitrogen). When the cell viabilities were determined in the presence of different nanobody combinations, 4000 cells/well for all cell lines (i.e. U251MG and U87MG cells, NCH co-cultures, astrocytes) were seeded in 70 μL medium and incubated for 3 h. Then, different nanobody combinations (nanobody pairs; 10 or 100 μg/mL each) were added to a final volume of 100 μL. The cells were incubated for 72 h, and then 10 μL water-soluble tetrazolium (Roche) was added. After a 2.5-h incubation with water-soluble tetrazolium, the absorbance was measured at 450 nm and 690 nm using a microplate reader (Synergy H4; BioTek). To determine the cell viabilities after two consecutive treatments, the nanobodies or 50 μM temozolomide were first added to a final volume of 100 μL. After a 72-h incubation at 37°C in a 5% CO~2~ atmosphere, the growth medium was replaced and the second treatment with nanobodies or temozolomide was administered in the same way. The cells of the NCH co-cultures grow in suspension, and were therefore centrifuged before medium removal. After the second 72-h incubation at 37°C in a 5% CO~2~ atmosphere, the absorbance was measured at 450 nm and 690 nm using a microplate reader (Synergy H4; BioTek). Cell survival was determined as the ratios between the values for the treated cells and for the control (non-treated) cells. The blank was subtracted from each value.

Apoptosis/necrosis assays {#section15-1758835920915302}
-------------------------

Apoptosis/necrosis assays were performed for U251MG (4 × 10^5^) and U87MG (1.5 × 10^5^) cells, NCH co-cultures (5 × 10^5^) and astrocytes (1 × 10^5^), which were seeded onto coverslips in 24-well plates. After a 3 h incubation at 37°C in a 5% CO~2~ atmosphere, nanobodies were added to a final concentration of 100 μg/mL. The cells were incubated for 24 h at 37°C in a 5% CO~2~ atmosphere, and then washed twice with PBS. Subsequently, an Annexin-FITC/propidium iodide kit (Abcam; ab14085) was used as follows: 250 μL binding buffer, 2.5 μL Annexin V and 2.5 μL propidium iodide were added and incubated for 15 min in the dark at room temperature. The coverslips were then mounted on slides using mounting medium (ProlongGlass; ThermoFisher Scientific). Photographs were taken using an imager (Axio Imager M2; Zeiss) equipped with ZEN software. All images were taken with the 40× objective (EC Plan-Neofluar 40×/0.75 M27). Detection of Annexin V-FITC was at the excitation wavelength of 495 nm and the emission wavelength of 519 nm. Propidium iodide was detected under a rhodamine filter with the excitation wavelength of 558 nm and the emission wavelength of 575 nm. Images were analysed using ImageJ.^[@bibr29-1758835920915302]^

Cell migration assays {#section16-1758835920915302}
---------------------

Silicone inserts with a defined cell-free gap (Ibidi) were put into each well of 12-well plates. Then, the U251MG (1.5 × 10^4^) and U87MG (9 × 10^4^) cells and astrocytes (2 × 10^4^) were seeded into each well of the inserts and incubated for 24 h (U251MG cells) or 48 h (U87MG cells, astrocytes). The inserts were then removed, and nanobodies were added to a final concentration of 100 μg/mL in 1.5 mL total volume. Images for cell migration were taken at two or three different positions every 1--2 h (Axio Observer.Z1, Zeiss) under the 10× objective (EC Plan-Neofluar 10×/0.3 Ph1 M27). The final time point for U251MG cells was 8 h, with 24 h for U87MG cells and 18 h for astrocytes. The NCH co-cultures were not included here due to their buoyancy and inability to attach to the bottom of the wells of the experimental plates. Cell migration was first calculated as distance covered over time (μm/h), and then relative cell migrations were determined as the ratio between the mean speed of cells in the presence of a nanobody and the mean speed of the control cells (without nanobodies).

Statistical analysis {#section17-1758835920915302}
--------------------

For statistical analysis of the qPCR data, samples that followed Gaussain distribution were analysed using one-way ANOVA, and those that did not follow Gaussian distribution were analysed using Kruskal--Wallis tests. Data from the ELISA and cell migration assays were analysed using Student's *t* tests. One-way ANOVA followed by Sidak's multiple comparison tests were used for analysis of cytotoxicity data. In all cases, *p* \< 0.05 was considered as statistically significant, and significance is indicated as: \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 and \*\*\*\**p* \< 0.0001. Standard deviations were calculated for all data.

Results {#section18-1758835920915302}
=======

mRNA quantification of different antigens by qPCR {#section19-1758835920915302}
-------------------------------------------------

RNA was isolated from all cell lines, with the overall mean concentration of 2481 ng/µL. According to the A~260~/A~280~ and A~260~/A~230~ ratios, the quality of the RNA was satisfactory, with means of 1.80 and 1.93, respectively. The RNA integrity numbers also showed satisfactory RNA quality, with a mean of 8.60. The qPCR data showed that the relative mRNA expression between the glioblastoma stem cell lines (i.e. NCH co-cultures) and astrocytes was significantly different (higher in the NCH co-cultures) for three genes: *NAP1L1* (*p* \< 0.0001), *TUFM* (*p* \< 0.0001) and *CRMP1* (*p* \< 0.0001) ([Figure 1](#fig1-1758835920915302){ref-type="fig"}, [Table 4](#table4-1758835920915302){ref-type="table"}). Expression of these same genes (i.e. *NAP1L1, TUFM, CRMP1*) was also significantly higher in the NCH co-cultures in comparison with both the U251MG and U87MG cells. *VIM* was the only one of the genes examined that significantly distinguished mRNA expression between astrocytes and both mature glioblastoma cell lines (i.e. U251MG, U87MG cells; higher expression in both these cell lines), while *TRIM28, NUCL, NAP1L1* and *ALYREF* significantly distinguished just one or the other of the mature glioblastoma cell lines (i.e. U251MG or U87MG cells) from astrocytes.

![Relative mRNA expression of the selected antigens (as indicated) in the U251MG and U87MG cells, the NCH co-cultures and the astrocytes. The reference genes were RPL13A and CYC1. Data show means ±SD for the relative expression of nine replicates.\
\*\**p* \< 0.01, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001. Expression of CRMP1 in U87MG cells is not shown, the mRNA was below the detection limit.](10.1177_1758835920915302-fig1){#fig1-1758835920915302}

###### 

Results for the statistical analysis of the relative mRNA expression of the selected antigens in the cell lines examined.

![](10.1177_1758835920915302-table4)

  Gene       Cell comparison              Significance                                                     *p*-value
  ---------- ---------------------------- ---------------------------------------------------------------- -----------
  *TRIM28*   U87MG *versus* NCH           ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
             U87MG *versus* U251          ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
             U87MG *versus* astrocytes    ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
  *NUCL*     U87MG *versus* NCH           ^[\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^     0.0003
             U87MG *versus* U251          ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
             Astrocytes *versus* U251     ^[\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^       0.0083
  *VIM*      U251MG *versus* NCH          ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
             U87MG *versus* NCH           ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
             U251MG *versus* U87MG        ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
             U87MG *versus* astrocytes    ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
             U251MG *versus* astrocytes   ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
  *NAP1L1*   NCH *versus* U251MG          ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
             NCH *versus* U87MG           ^[\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^     0.0008
             NCH *versus* astrocytes      ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
             U87MG *versus* U251          ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
             U87MG *versus* astrocytes    ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
  *TUFM*     NCH *versus* U251MG          ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
             NCH *versus* U87MG           ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
             NCH *versus* astrocytes      ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
             U251MG *versus* U87MG        ^[\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^       0.0013
  *DPYSL2*   U87MG *versus* U251          ^[\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^     0.0001
             NCH *versus* U251MG          ^[\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^       0.0077
  *CRMP1*    NCH *versus* U251MG          ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
             NCH *versus* astrocytes      ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
  *ALYREF*   U87MG *versus* NCH           ^[\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^       0.0056
             U87MG *versus* U251          ^[\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^       0.0075
             U87MG *versus* astrocytes    ^[\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^     0.0002

Significance for nine replicates for each gene that followed a Gaussian distribution was calculated using one-way ANOVA, and for the values without a Gaussian distribution, by Kruskal-Wallis statistical tests.

\*\**p \< *0.01, \*\*\**p \< *0.001, \*\*\*\**p \< *0.0001.

ALYREF, Aly/REF export factor; CRMP1, collapsin response mediator protein 1; DPYSL2, dihydropyrimidinase-related protein 2; NAP1L1, nucleosome assembly protein 1-like 1; NUCL, nucleolin; RPL13A, ribosomal protein L13a; TRIM28, tripartite motif containing 28 protein; TUFM, mitochondrial translation elongation factor (EF-TU); VIM, vimentin.

To summarise, based on these findings, *VIM, NAP1L1* and *TUFM* were the most universal biomarkers for the glioblastoma-related cells, and *CRMP1* can also be included, as in addition to *NAP1L1* and *TUFM, CRMP1* showed significant overexpression in the NCH co-cultures.

Quantification of protein expression using ELISA {#section20-1758835920915302}
------------------------------------------------

To quantify the protein expression of the eight antigens, ELISA was performed. The protein was isolated from all cell lines, with a mean concentration of 502 µg/mL. Protein expression in the NCH co-cultures for vimentin, NAP1L1, DPYSL2, CRMP1 and ALYREF was significantly higher than in the astrocytes ([Figure 2](#fig2-1758835920915302){ref-type="fig"}, [Table 5](#table5-1758835920915302){ref-type="table"}). Expression of NAP1L1, DPYSL2, CRMP1 and ALYREF in the NCH co-cultures was also significantly higher than in both of the mature glioblastoma cell lines, U251MG and U87MG cells ([Figure 2](#fig2-1758835920915302){ref-type="fig"}, [Table 5](#table5-1758835920915302){ref-type="table"}). Considering the correlation of these findings with the findings from the qPCR, in terms of potential NCH co-culture biomarkers for the further aspects of this study, NAP1L1 and CRMP1 were confirmed, VIM and TUFM were preserved, and DPSYL2 and ALYREF were added as selected molecular targets.

![Protein expression of the selected antigens (as indicated) in the U251MG and U87MG cells, the NCH co-cultures and the astrocytes. Data show means ± SD from three replicates, with absorbance measured at 405 nm.\
\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001.](10.1177_1758835920915302-fig2){#fig2-1758835920915302}

###### 

Statistical analysis of protein expression for the selected antigens in the different cell lines.

![](10.1177_1758835920915302-table5)

  Protein   Cell comparison             Significance                                                     *p*-value
  --------- --------------------------- ---------------------------------------------------------------- -----------
  TRIM28    All                         ns                                                               
  NUCL      All                         ns                                                               
  VIM       U87MG *versus* NCH          ^[\*](#table-fn7-1758835920915302){ref-type="table-fn"}^         0.0130
            NCH *versus* astrocytes     ^[\*](#table-fn7-1758835920915302){ref-type="table-fn"}^         0.0263
            U87MG *versus* U251         ^[\*\*](#table-fn7-1758835920915302){ref-type="table-fn"}^       0.0053
            U87MG *versus* astrocytes   ^[\*\*\*](#table-fn7-1758835920915302){ref-type="table-fn"}^     0.0002
  NAP1L1    NCH *versus* U251MG         ^[\*\*\*](#table-fn7-1758835920915302){ref-type="table-fn"}^     0.0004
            NCH *versus* U87MG          ^[\*](#table-fn7-1758835920915302){ref-type="table-fn"}^         0.0286
            NCH *versus* astrocytes     ^[\*\*\*](#table-fn7-1758835920915302){ref-type="table-fn"}^     0.0009
  TUFM      All                         ns                                                               
  DPYSL2    NCH *versus* U251MG         ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
            NCH *versus* U87MG          ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
            NCH *versus* astrocytes     ^[\*\*\*\*](#table-fn5-1758835920915302){ref-type="table-fn"}^   \<0.0001
  CRMP1     NCH *versus* U251MG         ^[\*\*](#table-fn7-1758835920915302){ref-type="table-fn"}^       0.0015
            NCH *versus* U87MG          ^[\*\*](#table-fn7-1758835920915302){ref-type="table-fn"}^       0.0044
            NCH *versus* astrocytes     ^[\*\*](#table-fn7-1758835920915302){ref-type="table-fn"}^       0.0060
  ALYREF    NCH *versus* U251MG         ^[\*\*](#table-fn7-1758835920915302){ref-type="table-fn"}^       0.0093
            NCH *versus* U87MG          ^[\*](#table-fn7-1758835920915302){ref-type="table-fn"}^         0.0108
            NCH *versus* astrocytes     ^[\*\*](#table-fn7-1758835920915302){ref-type="table-fn"}^       0.0043

Significance of three samples was calculated using Student's *t*-tests. \**p \< *0.05, \*\**p \< *0.01, \*\*\**p \< *0.001, \*\*\*\**p \< *0.0001; ns, non-significant.

ALYREF, Aly/REF export factor; CRMP1, collapsin response mediator protein 1; DPYSL2, dihydropyrimidinase-related protein 2; NAP1L1, nucleosome assembly protein 1-like 1; NUCL, nucleolin; TRIM28, tripartite motif containing 28 protein; TUFM, mitochondrial translation elongation factor (EF-TU); VIM, vimentin.

Immunofluorescent staining {#section21-1758835920915302}
--------------------------

To further confirm the protein expression of these eight antigens in the cell lines, and to examine their cellular locations, immunocytochemistry was performed using commercial antibodies ([Table 1](#table1-1758835920915302){ref-type="table"}) and with staining of the nuclei with DAPI (blue), as shown in [Figure 3](#fig3-1758835920915302){ref-type="fig"}. These data showed that the nuclear protein TRIM28 was expressed in all three glioblastoma cell lines (i.e. U251MG, U87MG cells, NCH co-cultures), and was almost absent in astrocytes. Nucleolin was expressed mostly in the nuclei of U87MG cells, and on the membranes and in the cytoplasm of U251MG and U87MG cells, and the NCH co-cultures. The signal intensities were strong for all three glioblastoma-related cell lines, and were weaker in astrocytes. Vimentin showed a cytoplasmic location, with very strong signal intensity in all three glioblastoma-related cell lines, and again weaker in astrocytes. The location of NAP1L1 was also cytoplasmic, with similar strong signals to vimentin for all three glioblastoma-related cell lines, and weak again for astrocytes. TUFM was located around the nuclei, with high signal intensity, not only in all three glioblastoma-related cell lines, but also in astrocytes. The location of DPYSL2 and CRMP1 was cytoplasmic, although they were also seen in nuclei. Expression of DPYSL2 was seen in all four cell lines, including astrocytes, while, for CRMP1, expression was high in glioblastoma-related cells, and very low in astrocytes. ALYREF was a nuclear protein, and was expressed in all four cell lines.

![Representative immunocytochemical images of the selected antigens (as indicated) in the U251MG and U87MG cells, the NCH co-cultures and the astrocytes. The antigens were stained with a commercial antibody (CF640R fluorophore; red) and the nuclei with DAPI (blue). The control had no primary antibody included. Scale bar, 20μm (top left image; applicable to all images).\
DAPI, 4′,6-diamidino-2-phenylindole dihydrochloride.](10.1177_1758835920915302-fig3){#fig3-1758835920915302}

Antigen detection in normal brain, glioblastoma and lower-grade glioma using immunohistochemistry {#section22-1758835920915302}
-------------------------------------------------------------------------------------------------

To evaluate the clinical value of these eight antigens as potential glioblastoma markers at the tissue level, immunohistochemical analysis was performed to determine their expression in glioblastoma and lower-grade glioma (oligodendroglioma and diffuse astrocytoma) cancerous tissues *versus* normal brain tissue. TRIM28, nucleolin and ALYREF are nuclear proteins, and they were expressed in the normal brain tissue, and highly expressed in the glioblastoma and lower-grade glioma ([Figure 4](#fig4-1758835920915302){ref-type="fig"}). DPYSL2 and CRMP1 showed a cytoplasmic location, and their expression was negative in glia cells and neurons, but positive in neuropils. Thus, DPYSL2 and CRMP1 showed scores in glioblastoma of 2.33 and 1.64, respectively, with no statistical differences in their expression between glioblastoma and lower-grade glioma ([Table 6](#table6-1758835920915302){ref-type="table"}). Vimentin, NAP1L1 and TUFM were not expressed in the normal brain tissue. Vimentin had strong ubiquitous cytoplasmic expression in glioblastoma (score, 3.91), which was also significantly stronger than in the lower-grade glioma (score, 1.5; *p*-value, 4.3 × 10^--[@bibr6-1758835920915302]^). NAP1L1 expression in glioblastoma and lower-grade glioma was not uniform (25.0%, 37.5% negative samples, respectively). TUFM was expressed in all of the glioblastoma and lower-grade glioma cases, with no difference between glioblastoma and lower-grade glioma.

![Representative immunohistochemical images for the selected proteins (as indicated) in normal brain, glioblastoma and low-grade glioma tissues.](10.1177_1758835920915302-fig4){#fig4-1758835920915302}

###### 

Statistical analysis from the immunohistochemical detection of the selected proteins in normal brain, and in GB and LGG tissue.

![](10.1177_1758835920915302-table6)

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Antigen   Expression in normal brain\                                         Positive tissues (%)   Score   Statistical analysis\                       
            tissue                                                                                             (GB *versus* LGG)                           
  --------- ------------------------------------------------------------------- ---------------------- ------- ----------------------- ------- ----------- ---------------
  TRIM28    Yes                                                                 100                    100     3.8                     3.875   No          

  NUCL      Yes                                                                 100                    100     3.91                    4       No          

  VIM       ***No*** ^[†](#table-fn10-1758835920915302){ref-type="table-fn"}^   100                    100     3.91                    1.5     ***Yes***   4.3 × 10^--6^

  NAP1L1    ***No***                                                            75                     62.5    1.42                    0.875   No          

  TUFM      ***No***                                                            100                    100     2.3                     1.875   No          

  DPYSL2    Yes^[‡](#table-fn11-1758835920915302){ref-type="table-fn"}^         100                    100     2.33                    1.875   No          

  CRMP1     Yes^[‡](#table-fn11-1758835920915302){ref-type="table-fn"}^         100                    100     1.64                    2.125   No          

  ALYREF    Yes                                                                 100                    100     4                       3.875   No          
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Significance of samples (for numbers see [Table 3](#table3-1758835920915302){ref-type="table"}) was calculated using Student's *t* tests.

VIM expression in glia cells and neurons was negative, but positive in blood vessels.

DPYSL2 and CRMP1 expression was positive only in neuropils.

ALYREF, Aly/REF export factor; CRMP1, collapsin response mediator protein 1; DPYSL2, dihydropyrimidinase-related protein 2; GB, glioblastoma; LGG, lower-grade glioma; NAP1L1, nucleosome assembly protein 1-like 1; NUCL, nucleolin; TRIM28, tripartite motif containing 28 protein; TUFM, mitochondrial translation elongation factor (EF-TU); VIM, vimentin.

Expression of the antigens in the different cell lines and tissues according to each of the methods used in this study (i.e., qPCR, ELISA, immunocytochemistry; tissue immunohistochemistry) is shown in [Table 7](#table7-1758835920915302){ref-type="table"}.

###### 

Expression of the antigens in the different cell lines and tissues according to each of the methods used in this study \[i.e. qPCR, ELISA, (ICC); tissue\].

![](10.1177_1758835920915302-table7)

  Antigen     Cell lines   Tissue                                                                 
  ----------- ------------ -------- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ------ ------
  TRIM28      \+           \+       \+   \+   \+   \+   \+   \+   \+   \+   \+   --   \+   \+     \+
  Nucleolin   \+           \+       \+   \+   \+   \+   \+   \+   \+   \+   \+   --   \+   \+     \+
  Vimentin    \+           \+       \+   \+   \+   \+   \+   \+   \+   \+   \+   --   --   \+     \+
  NAP1L1      \+           \+       \+   \+   \+   \+   \+   \+   \+   \+   \+   --   --   +/--   +/--
  TUFM        \+           \+       \+   \+   \+   \+   \+   \+   \+   \+   \+   \+   --   \+     \+
  DPYSL2      \+           \+       \+   \+   \+   \+   \+   \+   \+   \+   \+   \+   --   \+     \+
  CRMP1       \+           \+       \+   \+   \+   \+   \+   \+   \+   \+   \+   --   --   \+     \+
  ALYREF      \+           \+       \+   \+   \+   \+   \+   \+   \+   \+   \+   \+   \+   \+     \+

Data are presented as either positive (+) or negative (--) for expression.

NAP1L1 showed positive expression in some tissues and negative expression in others (+/--).

ALYREF, Aly/REF export factor; CRMP1, collapsin response mediator protein 1; DPYSL2, dihydropyrimidinase-related protein 2; ELISA, enzyme-linked immunosorbent assay; GB, glioblastoma; ICC, immunocytochemistry; IHC, immunohistochemistry; LGG, lower-grade glioma; NAP1L1, nucleosome assembly protein 1-like 1; Normal, normal human brain; NUCL, nucleolin; qPCR, quantitative polymerase chain reaction; TRIM28, tripartite motif containing 28 protein; TUFM, mitochondrial translation elongation factor (EF-TU); VIM, vimentin.

Cytotoxicity of temozolomide and the nanobodies {#section23-1758835920915302}
-----------------------------------------------

In the second stage of this study, viability tests for cell survival were carried out to determine the cytotoxicities of 50* *μM temozolomide and the different nanobodies on the different cell lines, using AlamarBlue reagent. The nanobodies corresponding to the eight antigens included in this study were Nb237 (anti-TRIM28), Nb10 (anti-nucleolin), Nb79 (anti-vimentin), Nb179 (anti-NAP1L1), Nb225 (anti-TUFM), Nb314 (anti-DPYSL2), Nb394 (anti-CRMP1) and Nb395 (anti-ALYREF). The cytotoxicities were determined on the four different cell lines, as before, as U251MG and U87MG cells, NCH co-cultures and astrocytes, at three different times: 24* *h, 48 h and 72* *h.

The effects of temozolomide are presented in [Figure 5](#fig5-1758835920915302){ref-type="fig"}. No negative impacts on cell growth were seen after 24 h and 48 h of incubation. However, late cytotoxic effects were observed after 72 h for the U251MG and U87MG cells, where the cell viability was reduced to 72% in both cases, and for the survival of the NCH co-cultures of the glioblastoma stem cells, which was decreased to 84%. Temozolomide did not affect the survival of the astrocytes.

![Effects of 50* *μM temozolomide on cell survival for the cell lines (as indicated). The AlamarBlue viability assay was used.\
Data are means of three samples with three replicates (*n* = 9). \*\*\*\* *p* \< 0.0001.](10.1177_1758835920915302-fig5){#fig5-1758835920915302}

Following the comparative data on the effects of temozolomide on the cells included in this study, the cytotoxicities of the selected nanobodies were determined. All of the nanobodies were tested at two different concentrations: 10* *μg/mL and 100* *μg/mL. The cytotoxic effects were determined after 24* *h, 48 h and 72 h of incubation ([Figure 6](#fig6-1758835920915302){ref-type="fig"}). These data were also compared with the effects of temozolomide.

![Effects of the selected nanobodies (as indicated; 10* *μg/mL, 100* *μg/mL) on cell survival of the cell lines (as indicated). Treatments were for 24* *h, 48 h and 72* *h.\
Data are means of three samples with three replicates (*n* = 9). \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001.](10.1177_1758835920915302-fig6){#fig6-1758835920915302}

The anti-TRIM28 nanobody, Nb237, did not affect the survival of any of the cell lines at any of the times or concentrations. In contrast, the anti-nucleolin nanobody, Nb10, decreased the survival of all of the cell lines. At the higher concentration, Nb10 affected the U251MG and U87MG cells, and the astrocytes, as was already apparent after 24 h of incubation, when the survival of these three cells types had decreased by 20--30%. The survival of the astrocytes decreased gradually with time of treatment down to 46% after 72 h of incubation, while the survival of the U251MG and U87MG cells remained at \~75%. The low Nb10 concentration did not eliminate the cytotoxic effects on the astrocytes, as their survival continued to decrease over time, finally by 16% here. At the higher concentration of the anti-vimentin nanobody, Nb79, there was decreased survival of the U251MG cells and astrocytes after 72 h of treatment, by 40%, and of the U87MG cells by 19%. The low concentration of Nb79 gradually reduced the survival for the NCH co-cultures (by 15%), but had no apparent effects on the astrocytes. The anti-NAP1L1 nanobody, Nb179, at the higher concentration gradually decreased the survival of the U251MG and U87MG cells and astrocytes, which, after 72 h of incubation, had dropped by 45%, 32% and 55%, respectively. At its low concentration, Nb179 had no apparent impacts on the U251MG cells and astrocytes, but decreased the survival of the U87MG cells and NCH co-cultures by 14% and 16%, respectively. The anti-TUFM nanobody, Nb225, at both the low and higher concentrations did not have any significant effects on the U251MG and U87MG cells and astrocytes, although it had significant effects at the higher concentration on the NCH co-cultures, when after 72 h the survival dropped to 71%. The cytotoxic effects in this case were significantly stronger than the effects of 50* *μM temozolomide alone (71% *versus* 84% survival after 72 h; *p* = 0.0151), as shown in [Table 8](#table8-1758835920915302){ref-type="table"}. The anti-DPYSL2 nanobody, Nb314, and the anti-CRMP1 nanobody, Nb394, showed similar cell survival profiles. These low nanobody concentrations significantly decreased the survival of the NCH co-cultures by 18% (Nb314) and 21% (Nb394) after 72 h of exposure. Neither of these nanobodies had any impact on the U251MG and U87MG cells and astrocytes. The anti-ALYREF nanobody, Nb395, had no effects on the U251MG and U87MG cells or astrocytes. On the other hand, after 72* *h, Nb395 significantly decreased the survival of the NCH co-cultures at the low and higher concentrations by 21% and 23%, respectively.

###### 

Relative cell survivals after the nanobody treatments, in comparison with the temozolomide treatments, all after 72* *h.

![](10.1177_1758835920915302-table8)

  Nanobody   Concentration   U251MG                                                    U87MG    NCH   Astrocytes                                                                                                                                      
  ---------- --------------- --------------------------------------------------------- -------- ----- ------------ --------------------------------------------------------- -------- --------------------------------------------------------------- ---------------
  Nb10       10              ns                                                                 ns                 ns                                                                 [\*\*\*\*](#table-fn17-1758835920915302){ref-type="table-fn"}   *p* \< 0.0001
             100             ns                                                                 ns                 ns                                                                 [\*\*\*\*](#table-fn17-1758835920915302){ref-type="table-fn"}   *p* \< 0.0001
  Nb79       100             [\*](#table-fn17-1758835920915302){ref-type="table-fn"}   0.0106   ns                 ns                                                                 [\*\*\*\*](#table-fn17-1758835920915302){ref-type="table-fn"}   p \< 0.0001
  Nb179      100             \*\*                                                      0.0018   ns                 ns                                                                 [\*\*\*\*](#table-fn17-1758835920915302){ref-type="table-fn"}   *p* \< 0.0001
  Nb225      100             ns                                                                 ns                 [\*](#table-fn17-1758835920915302){ref-type="table-fn"}   0.0151   ns                                                              

Data only shown for the nanobodies with significantly stronger effects than 50 μM temozolomide Significance of three samples with three replicates was calculated by one-way ANOVA.

*p \< *0.05, \*\**p \< *0.01, \*\*\*\**p \< *0.0001, ns, not significant.

Sign., significance.

Cytotoxicity of different nanobody combinations {#section24-1758835920915302}
-----------------------------------------------

According to qPCR, ELISA, immunocytochemistry and immunohistochemistry, VIM, NAP1L1 and TUFM were the most versatile glioblastoma-related cell biomarkers, which were not apparently, or were weakly, expressed in astrocytes, and were not expressed at all in normal brain tissue. DPYSL2 was also included in the selection of the nanobodies here as the expression difference between the NCH co-cultures and the astrocytes was higher in comparison with CRMP1. ALYREF was excluded due to its expression in normal brain tissue. In addition, the anti-VIM and anti-NAP1L1 nanobodies gradually decreased the survival of the NCH co-cultures and/or mature glioblastoma cells, whereas the anti-TUFM and anti-DPSYL2 nanobodies had relatively strong effects on NCH co-cultures after 72 h of exposure, with no effects on astrocytes. Therefore, these four nanobodies were chosen for further experiments, as Nb79 (anti-VIM), Nb179 (anti-NAP1L1), Nb225 (anti-TUFM) and Nb314 (anti-DPSYL2), in terms of their specificities towards glioblastoma cells and their effectiveness towards glioblastoma stem cells. The concentrations selected were 10* *μg/mL for Nb79, Nb179 and Nb314, and 100* *μg/mL for Nb225. First, the cell lines were treated with five different nanobody combinations for 72* *h: Nb79+Nb179, Nb179+Nb225, Nb225+Nb314, Nb179+Nb314 and Nb225+Nb79. Then the absorbances were measured and cell survivals determined ([Figure 7](#fig7-1758835920915302){ref-type="fig"}). Instead of the NCH co-culture used in the previous part of this study, here, NCH644 and NCH421k cells were tested separately. These data show that all combinations of nanobodies except Nb179+Nb314 reduced survival of these glioblastoma cells. The Nb79 and Nb179 combination reduced the survival of U251MG, U87MG and NCH644 cells by 20--25%. The Nb179+Nb225 combination significantly reduced the survival of U87MG cells to 66%, of U251 cells to 83%, and the survival of U87MG cells at the same nanobody concentrations was also lower than the cytotoxic effects of each of Nb179 and Nb225 separately ([Figure 6](#fig6-1758835920915302){ref-type="fig"}). The Nb225+Nb314 combination significantly reduced survival of U251MG and U87MG cells by 24% and 25%, respectively, and of NCH421k cells by 14%. The survival of both mature glioblastoma cell lines was also considerably lower than the effects of both of these nanobodies separately ([Figure 6](#fig6-1758835920915302){ref-type="fig"}). The Nb225+Nb79 combination significantly reduced the survival of U87MG cells to 78%. These effects were greater than the effects of Nb225 and Nb79 separately ([Figure 6](#fig6-1758835920915302){ref-type="fig"}).

![Effect of the concurrent nanobody treatments (as indicated) on cell survival of the cell lines (as indicated). Treatments were for 72* *h.\
Data are means* *±* *SD of three samples with three replicates (*n* = 9). \**p* \< 0.05, \*\**p* \< 0.01, \*\*\*\**p* \< 0.0001.](10.1177_1758835920915302-fig7){#fig7-1758835920915302}

Both of the initial trials with isolated nanobodies ([Figure 6](#fig6-1758835920915302){ref-type="fig"}) and nanobody combinations ([Figure 7](#fig7-1758835920915302){ref-type="fig"}) showed that the nanobodies had mainly negative effects on glioblastoma-related cells. To avoid potential long-term silencing of the cytotoxic effect after single nanobody applications, we studied the impacts of consecutive treatments of the cells with different nanobodies in relation to consecutive treatment with 50* *μM temozolomide. These data for temozolomide showed that it had no apparent impact on either of the glioblastoma stem cells (NCH644, NCH421k cells) or astrocytes. On the other hand, two 50* *μM treatments in a 72-h period decreased the survival of U251MG cells by 60%, while there was increased survival of U87MG cells (\>3-fold) ([Figure 8](#fig8-1758835920915302){ref-type="fig"}).

![Effects of consecutive 50* *μM temozolomide treatments (2 × 72* *h) on cell survival of the cell lines (as indicated).\
Data are means* *±* *SD of three samples with three replicates (*n* = 9). \*\*\*\**p* \< 0.0001.](10.1177_1758835920915302-fig8){#fig8-1758835920915302}

To test the effects of these consecutive treatments with nanobodies, seven combinations were tested: Nb79+Nb79, Nb179+Nb179, Nb225+Nb225, Nb314+Nb314, Nb79+Nb179, Nb179+Nb225 and Nb225+Nb314, as presented in [Figure 9](#fig9-1758835920915302){ref-type="fig"}. These combinations were chosen based on the results of the previous single ([Figure 6](#fig6-1758835920915302){ref-type="fig"}) and concurrent ([Figure 7](#fig7-1758835920915302){ref-type="fig"}) treatments with nanobody pairs. Glioblastoma-related cells and astrocytes were exposed to these nanobodies for 72* *h, and then the second nanobody was administrated and the incubations prolonged for another 72* *h. These consecutive treatments with Nb79 decreased the survival of all the glioblastoma cell lines. U87MG cell survival decreased to 46%, and the survival of NCH644 and NCH421k cells decreased to 60%. The effects on U87MG, NCH644 and NCH421k cells were also greater than the effects of the separate and consecutive treatments with temozolomide ([Table 9](#table9-1758835920915302){ref-type="table"}) and the single treatment with Nb79 and concurrent treatment with nanobody pairs with Nb79. Consecutive treatments with Nb225 also greatly decreased survival of all the cell lines. The survival of U251MG and U87MG cells was reduced to 76% and 50%, respectively. The survival of both glioblastoma stem cell lines was reduced significantly, to 22% (NCH644 cells) and 55% (NCH421k cells), and these effects on the cells were significantly higher than the effects of single or consecutive temozolomide treatments ([Table 9](#table9-1758835920915302){ref-type="table"}). They were also again higher in NCH421k cells in comparison with the single treatments with Nb225 and concurrent treatments with nanobody pairs with Nb225. The consecutive treatments with Nb179 and Nb225 decreased the survival of the U87MG cells significantly, by 46%, and that of NCH644 cells by 45%. The effects on both these cell lines were significantly greater in comparison with those of temozolomide ([Table 9](#table9-1758835920915302){ref-type="table"}), as well as of the separate Nb179 and Nb225 treatments, and the concurrent treatments with the Nb179+Nb225 pair. The Nb225 and Nb314 consecutive treatments significantly reduced survival of U251MG, U87MG and NCH644 cells by 30%, 32% and 42%, respectively. The suppressive effects on NCH644 cells were stronger than the effects of temozolomide alone, while the effects on both glioblastoma cell lines (U251MG, U87MG cells) were more pronounced than those of the separate applications of Nb225 or Nb314, and competitive with those of concurrent Nb225+Nb314 applications. All the consecutive nanobody combinations were cytotoxic for astrocytes to some degree. The least cytotoxic effects on astrocytes were seen when these cells were consecutively treated with Nb79, which reduced astrocyte survival by only 10%; conversely, the strongest suppressing effects were observed with the combination of Nb179 and Nb225, which reduced cell survival by 28%.

![Effects of consecutive treatment with the selected nanobodies (as indicated; 2 × 72* *h) on cell survival of the cell lines (as indicated).\
Data are means* *±* *SD of three samples with three replicates (*n* = 9). \**p* \< 0.05, \*\**p* \< 0.01, \*\*\* *p* \< 0.001, \*\*\*\**p* \< 0.0001.](10.1177_1758835920915302-fig9){#fig9-1758835920915302}

###### 

Relative cell survivals after consecutive treatments with the nanobodies, in comparison with consecutive treatments with temozolomide.

![](10.1177_1758835920915302-table9)

  Consecutive nanobody pairs   U251MG                                                        U87MG    NCH644                                                          NCH421k   Astrocytes                                                                                                                                                                                                      
  ---------------------------- ------------------------------------------------------------- -------- --------------------------------------------------------------- --------- --------------------------------------------------------------- -------- ------------------------------------------------------------- -------- --------------------------------------------------------------- --------
  Nb79+Nb79                    [\*](#table-fn19-1758835920915302){ref-type="table-fn"}       0.0229   [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001    [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001   [\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}     0.005    [\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}     0.0003
  Nb179+Nb179                  [\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}     0.0023   [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001    [\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}       0.0031   ns                                                            0.9699   [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001
  Nb225+Nb225                  [\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}     0.0047   [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001    [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001   [\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0007   [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001
  Nb314+Nb314                  [\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001   [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001    [\*](#table-fn19-1758835920915302){ref-type="table-fn"}         0.0337   ns                                                            0.2453   [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001
  Nb79+Nb179                   [\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0007   [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001    [\*](#table-fn19-1758835920915302){ref-type="table-fn"}         0.0246   ns                                                            0.968    [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001
  Nb179+Nb225                  [\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}     0.0034   [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001    [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001   ns                                                            0.9998   [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001
  Nb225+Nb314                  [\*](#table-fn19-1758835920915302){ref-type="table-fn"}       0.0308   [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001    [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001   ns                                                            0.9999   [\*\*\*\*](#table-fn19-1758835920915302){ref-type="table-fn"}   0.0001

Significances of three samples with three replicates were calculated by one-way ANOVA. \**p \< *0.05, \*\**p \< *0.01, \*\*\**p \< *0.001, \*\*\*\**p \< *0.0001, ns, not significant.

ANOVA, analysis of variance; Sign., significance.

Nanobodies induce cell apoptosis and necrosis {#section25-1758835920915302}
---------------------------------------------

To gain some insight into the destructive effects of the selected nanobodies (i.e. Nb79, Nb179, Nb225, Nb314) on the cells (i.e. do the nanobodies induce apoptosis and/or necrosis?), apoptosis/necrosis assays were performed using Annexin V and propidium iodide staining. Annexin V-FITC (green) was used to detect the apoptotic cells, as it can bind to phosphatidylserine, and propidium iodide was used to detect necrotic cells, as it can bind to DNA (Abcam, ab14085).

The cells were incubated with the nanobodies at 100* *μg/mL for 24 h before analysis. These data show that Nb79 provoked apoptosis of the U251MG and U87MG cells, NCH co-cultures and astrocytes ([Figure 10](#fig10-1758835920915302){ref-type="fig"}). Nb79 also induced necrosis of the NCH co-cultures and astrocytes. Nb179 induced apoptosis of the U251MG and U87MG cells and NCH co-cultures, and also caused extensive necrosis of the U251MG cells. Additionally, some apoptotic astrocytes were observed. Nb225 and Nb314 both induced apoptosis of the U251MG and U87MG cells and NCH co-cultures, while no necrosis was observed. None of the nanobodies induced apoptosis of the astrocytes after 24 h of incubation.

![Representative images for apoptosis/necrosis assays of treatments with the selected nanobodies (as indicated; 100* *μg/mL, 24* *h) of the cell lines (as indicated). Annexin V (green) shows apoptotic cells; propidium iodide was used to show necrotic cells. Scale bar, 20* *μm (top left image; applicable to all images).](10.1177_1758835920915302-fig10){#fig10-1758835920915302}

Nanobodies and cell migration {#section26-1758835920915302}
-----------------------------

Cell migration is one of the essential characteristics of glioblastoma cells. To determine the possible effects of the nanobodies on cell migration, cell migration assays were carried out for the U251MG and U87MG cells and astrocytes in the presence of the four nanobodies Nb79, Nb179, Nb225 and Nb314. Silicone inserts with two wells (Ibidi) were used, and the cells were seeded into each well to form a wound. The inserts were then removed, and the nanobodies were added. [Figure 11B--D](#fig11-1758835920915302){ref-type="fig"} presents the final stages of the cell migration, once the control wound of the untreated cells had overgrown. [Figure 11A](#fig11-1758835920915302){ref-type="fig"} shows the relative rates of cell migration. All four of these nanobodies, Nb79, Nb179, Nb225 and Nb314, reduced the relative migration speed of the U251MG cells, with Nb179 having the greatest effects (31% reduction; *p* = 0.003); Nb79 reduced the migration speed of U251MG cells by 24% (*p* = 0.00002), Nb225 by 14% (*p* = 0.02), and Nb314 by 26% (*p* = 0.00002). The most prominent effects were observed on the U87MG cells with Nb79, which completely inhibited cell migration (*p* = 3.4 × 10^--[@bibr6-1758835920915302]^). The other nanobody that decreased the migration speed of U87MG cells was Nb179 (22% reduction; *p* = 0.0097). Nb225, however, reduced the migration speed of astrocytes by 20%, although this did not reach statistical significance.

![Quantification (A) and representative images (B--D) for the effects of treatments with the selected nanobodies (as indicated; 100 μg/mL) on the migration speed of the cell lines (as indicated). (A) Single samples were analysed from images captured for two or three different positions. Data are means ± SD of three measurements.\
\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001. (B--D) Scale bar, 100 μm (top left image; applicable to all images). Nanobody treatments were 7 h for U251MG cells, 24 h for U87MG cells and 18 h for astrocytes.\
SD, standard deviation.](10.1177_1758835920915302-fig11){#fig11-1758835920915302}

Discussion {#section27-1758835920915302}
==========

Glioblastoma is one of the deadliest forms of cancer, as most of these patients die within 14 months of diagnosis.^[@bibr3-1758835920915302]^ New therapies are therefore urgently required. In our previous studies, eight different antigens were identified as potential glioblastoma biomarkers/biomarker candidates: TRIM28, nucleolin, vimentin, NAP1L1, TUFM, DPYSL2, CRMP1 and ALYREF.^[@bibr21-1758835920915302],[@bibr22-1758835920915302]^ The roles of these antigens in their molecular and cellular pathways under normal physiological conditions, as well as in cancer and glioma, are summarised in [Table 10](#table10-1758835920915302){ref-type="table"}. All these antigens have previously been linked to various cancers, and some also to glioblastoma, usually with positive association with malignancy. The present study investigated their promise as targets for the design of new approaches to glioblastoma therapy. The first part of the present study focused on evaluation of the expression of novel antigens in glioblastoma cells and tissues: TRIM28, nucleolin, vimentin, NAP1L1, TUFM, DPYSL2, CRMP1 and ALYREF. These data show that *NAP1L1* and *CRMP1* were significantly overexpressed in glioblastoma stem cells *versus* astrocytes and differentiated glioblastoma cells (U251MG, U87MG cells) at the mRNA and protein levels, as was shown by qPCR and ELISA. Protein expression levels of DPYSL2 and ALYREF were also significantly higher in the glioblastoma stem cells *versus* the astrocytes and the U251MG and U87MG cells. Protein expression of vimentin in glioblastoma stem cells is also significantly higher than in astrocytes, as confirmed by ELISA and immunocytochemistry. TUFM has previously been linked to glioblastoma as TUFM protein expression was up-regulated in glioblastoma stem cells in relation to U251MG and U87MG cells, although in a study that did not include astrocytes as a reference cell line.^[@bibr38-1758835920915302]^ Our data show that, in contrast to mRNA expression, in glioblastoma stem cells, TUFM protein expression is not higher than in any of the glioblastoma cell lines, compared with astrocytes.

###### 

Roles of the eight antigens investigated in this study. Literature review of the physiological roles of the antigens, and their roles in cancer and glioma.

![](10.1177_1758835920915302-table10)

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Antigen   Physiological role                                                                      Role in cancer                                                                                                          Role in glioma
  --------- --------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------
  TRIM28    -- E3 ubiquitin ligase^[@bibr30-1758835920915302]^\                                     -- Cooperation with MDM2 to promote p53 ubiquitylation and degradation^[@bibr30-1758835920915302]^\                     -- Positively correlated with malignancy, and overexpression linked to poor survival^[@bibr34-1758835920915302]^
            - Gene repressor^[@bibr31-1758835920915302]^\                                           - Overexpression linked to growth promotion of non--small-cell lung cancer^[@bibr33-1758835920915302]^                  
            - Sumo E3 ligase^[@bibr32-1758835920915302]^\                                                                                                                                                                   
            - DNA repair^[@bibr31-1758835920915302]^                                                                                                                                                                        

  TUFM      -- Mitochondrial elongation factor^[@bibr35-1758835920915302]^\                         -- Overexpression in colorectal cancer^[@bibr36-1758835920915302]^\                                                     -- Up-regulated in glioblastoma cells^[@bibr38-1758835920915302]^
            - Promotes autophagy^[@bibr35-1758835920915302]^                                        - Potential prognostic marker in colorectal cancer^[@bibr37-1758835920915302]^                                          

  NUCL      -- Regulation of Pol l transcription^[@bibr39-1758835920915302]^\                       -- Blocks apoptosis in cancer cells^[@bibr40-1758835920915302]^\                                                        -- Up-regulated in glioma cell line^[@bibr42-1758835920915302]^\
            - Correct folding of pre-rRNA^[@bibr39-1758835920915302]^\                              - Overexpression related to disease progression for ErbB2-positive breast cancer patients^[@bibr41-1758835920915302]^   - Knockdown of *NUCL* gene in glioblastoma cell lines linked do decreased cell proliferation^[@bibr42-1758835920915302]^
            - Histone chaperone^[@bibr39-1758835920915302]^                                                                                                                                                                 

  VIM       -- Type III intermediate filament^[@bibr43-1758835920915302]^\                          -- Marker of epithelial to mesenchymal transition^[@bibr43-1758835920915302]^\                                          -- High expression linked to poor survival^[@bibr45-1758835920915302]^
            - Role in early stages of brain development^[@bibr44-1758835920915302]^                 - Linked to invasive type of gastric carcinoma^[@bibr43-1758835920915302]^                                              

  DPYSL2    -- Role in microtubule formation^[@bibr46-1758835920915302]^\                           -- Decreased expression in breast cancer^[@bibr48-1758835920915302]^                                                    -- Expression of CRMP2 and its phosphorylation promotes glioblastoma proliferation^[@bibr49-1758835920915302]^
            - Regulates dendrite and axon growth and retraction^[@bibr47-1758835920915302]^                                                                                                                                 

  CRMP1     -- Axon growth and branching during neuronal development^[@bibr50-1758835920915302]^\   -- Decreases cell proliferation, migration and apoptosis in gastric cancer cells^[@bibr52-1758835920915302]^\           -- Loss of CRMP1 in EGFRvIII glioblastoma is linked to more aggressive phenotype^[@bibr53-1758835920915302]^
            - Microtubule dynamics^[@bibr51-1758835920915302]^                                      - Metastasis suppressor of prostate cancer^[@bibr50-1758835920915302]^                                                  

  NAP1L1    -- Nucleosome assembly^[@bibr54-1758835920915302]^\                                     -- Overexpression in small intestinal carcinoid^[@bibr56-1758835920915302]^                                             -- Up-regulated in glioblastoma^[@bibr57-1758835920915302]^
            - Histone chaperone^[@bibr55-1758835920915302]^\                                                                                                                                                                
            - Regulator of neuronal differentiation^[@bibr54-1758835920915302]^                                                                                                                                             

  ALYREF    -- mRNA export (part of exon junction complex)^[@bibr58-1758835920915302]^              -- Down-regulated in high grade tumours (thyroid, bladder, stomach)^[@bibr59-1758835920915302]^\                        -- Up-regulated in glioblastoma^[@bibr22-1758835920915302],[@bibr61-1758835920915302]^\
                                                                                                    - Up-regulated in high grade serous ovarian carcinoma cancer cells and cancer stem cells^[@bibr60-1758835920915302]^    - Overexpression linked to reduced survival^[@bibr61-1758835920915302]^\
                                                                                                                                                                                                                            - siRNA knockdown in U251 cells does not affect survival and proliferation^[@bibr61-1758835920915302]^
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ALYREF, Aly/REF export factor; CRMP1, collapsin response mediator protein 1; DPYSL2, dihydropyrimidinase-related protein 2; EGFRvIII, epidermal growth factor receptor variant III; MDM2, human murine double minute 2; NAP1L1, nucleosome assembly protein 1-like 1; NUCL, nucleolin; siRNA, small interfering RNA; TRIM28, tripartite motif containing 28 protein; TUFM, mitochondrial translation elongation factor (EF-TU); VIM, vimentin.

Knowledge of the cellular site of an antigen is important for the planning of any strategy of targeted treatment of oncological diseases. To detect the presence and cellular location of the selected antigens in various glioblastoma-related cells, we used immunofluorescence assays. The primary location of nucleolin was the nucleoli, as also determined by UNIPROT,^[@bibr62-1758835920915302]^ while other locations, such as cytoplasmic (U251MG, U87MG cells, NCH co-cultures) and distinct membranes (U251MG cells), were also observed in the present study as seen in [Figure 3](#fig3-1758835920915302){ref-type="fig"}. The unusual nucleolin localisation on the plasma membrane and in the cytoplasm, which was reported as characteristic for cancer cells, is associated with higher malignancy.^[@bibr63-1758835920915302]^ The location of the second antigen, NAP1L1, was cytoplasmic, which is in agreement with the COMPARTMENT and PROTEINATLAS databases.^[@bibr64-1758835920915302],[@bibr65-1758835920915302]^ The primary location of the next antigen, DPYSL2, was in the cytoplasm, as reported by UNIPROT; however, nuclear localisation was also seen in the present study ([Figure 3](#fig3-1758835920915302){ref-type="fig"}).^[@bibr62-1758835920915302]^ This finding correlates with previous observations of an unusual nuclear location of DPYSL2 in glioblastoma cells.^[@bibr49-1758835920915302]^ Similarly, CRMP1 was located both in the cytoplasm and the nucleus. This unusual nuclear location of CRMP1 was already predicted by the COMPARTMENTS database, although with low confidence^[@bibr64-1758835920915302]^; however, we have confirmed this for the first time experimentally.

To evaluate the clinical value of these antigens, we performed immunohistochemistry analysis. These data determined and compared protein expression of these novel biomarker candidates in normal brain, glioblastoma and lower-grade glioma tissues. Vimentin was not expressed in glia cells and neurons of normal brain, while on the other hand, blood vessels were positive ([Figure 4](#fig4-1758835920915302){ref-type="fig"}). Vimentin expression in glioblastoma cells was significantly higher than in lower-grade glioma cells. Similar data were reported from Western blotting in a previous study by Jovčevska *et al.*^[@bibr22-1758835920915302]^ It was also previously reported that vimentin is expressed in early brain development, and is replaced later by other cytoskeletal proteins.^[@bibr44-1758835920915302]^ We thus propose that vimentin is an antigen that can differentiate between normal brain tissue, glioblastoma and lower-grade glioma. TUFM was similarly reported not to be expressed in normal brain tissue, which was confirmed in the present study; on the other hand, it was expressed in all glioblastoma tissues,^[@bibr38-1758835920915302]^ which defines TUFM as an antigen that can also differentiate between normal human brain tissue and glioblastoma. DPYSL2 and CRMP1 were also not expressed in the glia cells and neurons of the normal brain tissue, but are on the other hand, expressed in neuropils ([Figure 4](#fig4-1758835920915302){ref-type="fig"}). However, it should be noted that a relatively small number of samples were tested in the present study. For more accurate and further confirmation of antigen expression in any specific tumour, it will be necessary to use a larger number of tissue samples in a follow-up study.

Functional tests were performed to evaluate the possibility of specific targeting of the selected antigens, which would lay the foundation for the creation of new therapeutic approaches for glioblastoma. To this end, we used camelid nanobodies that were directed against these antigens that were produced in our previous studies.^[@bibr21-1758835920915302],[@bibr22-1758835920915302]^ In addition to numerous advantages over conventional antibodies,^[@bibr11-1758835920915302],[@bibr13-1758835920915302],[@bibr14-1758835920915302]^ nanobodies might cross the blood--brain barrier,^[@bibr17-1758835920915302]^ penetrate into a tumour more rapidly, and have a more favorable tumour distribution.^[@bibr14-1758835920915302]^ Also, due to their small size (15 kDa), they can easily reach hidden or cryptic targets; however, excess nanobodies are eliminated rapidly from the body through renal excretion.^[@bibr66-1758835920915302]^ Due to their favorable characteristics, nanobodies have gained significant attention in both cancer imaging and therapies, especially nanobodies against human epidermal growth factor receptor 2 and epidermal growth factor, as well as nanobodies applied in immuno-oncology.^[@bibr15-1758835920915302]^ The glioblastoma-associated cells (i.e. U251MG and U87MG cells, NCH co-cultures, and astrocytes) were treated with these nanobodies against the selected antigens at two concentrations. Cell survival was compared with the effects of temozolomide, a chemotherapeutic that is used widely for treating glioblastoma (as an alkylating agent).^[@bibr67-1758835920915302]^ Temozolomide was used at 50 μM, which is the concentration predicted to enter the brain through an impaired blood--brain barrier.^[@bibr68-1758835920915302]^ These data showed that temozolomide had no impact on astrocytes at any times, and poor effects on the U251MG and U87MG cells and NCH co-cultures. On the contrary, some of the nanobodies (i.e. Nb10, Nb79, Nb179) had detrimental effects on all types of glioblastoma cells tested. Nb79 and Nb179 also had significantly greater effects on U251MG glioblastoma cells than temozolomide alone ([Table 8](#table8-1758835920915302){ref-type="table"}). However, at the higher concentrations, Nb10, Nb79 and Nb179 also significantly reduced survival of astrocytes. Therefore, a specific delivery system would be required to circumvent these effects on astrocytes, such as the use of a specifically designed carrier, or direct application to a tumour. For glioblastoma stem cells, the most promising data here were seen for Nb225, which, after prolonged exposure, significantly decreased survival of glioblastoma stem cells (i.e. NCH co-cultures). Thus Nb225 is a more potent cytotoxic agent than temozolomide, while also not affecting the survival of astrocytes.

In this study, for nanobodies tested for their effects on cell migration, none significantly reduced the migration rate of astrocytes, in contrast to their impact on glioblastoma cells ([Figure 11](#fig11-1758835920915302){ref-type="fig"}). The most prominent effect was seen for the anti-vimentin nanobody Nb79, which completely inhibited the migration of U87MG cells, and decreased the migration rate of U251MG cells. Vimentin is one of the markers of epithelial-to-mesenchymal transition, a process commonly observed in cancers, where cells lose their epithelial phenotype and acquire migratory, mesenchymal characteristics.^[@bibr43-1758835920915302]^ Withaferin A, a natural compound from the *Withania somnifera* plant, has been described as a vimentin-targeting compound that is cytotoxic and prevents metastasis of breast cancer.^[@bibr69-1758835920915302]^ This study showed that the benefits of targeting vimentin might not only be reduced cell survival, but also inhibition of migration of glioblastoma cells.

Based on our initial findings qPCR, ELISA, immunocytochemistry and immunohistochemistry findings, four nanobodies were chosen for further studies: Nb79 (anti-VIM), Nb179 (anti-NAP1L1), Nb225 (anti TUFM) and Nb314 (anti-DPSYL2). At 10 μg/mL (Nb79, Nb179, Nb314) or 100 μg/mL (Nb225), these nanobodies did not show any significant effects on the survival of astrocytes, while all had cytotoxic effects on glioblastoma stem cells. Therefore, the cytotoxic effects of six different combinations of these nanobodies on the survival of the cells were determined after concurrent treatments: the cells were treated with two different, either co-operative or competing, nanobodies, and incubated for 72 h. None of the combinations had any significant cytotoxic effects on astrocyte survival. The combination of Nb79 and Nb179 had the most pronounced effects on the NCH644 and NCH421k glioblastoma stem cell lines, although this combination did not decrease the survival of the cells by more than 20%. In addition, Nb79 and Nb179 also reduced the survival of mature glioblastoma cell lines U87MG (by 25%) and U251MG (by 18%). The greatest destructive effects on the U87MG mature glioblastoma cell line were seen for the combination of Nb179 and Nb225, which decreased survival of U87MG cells by \>30%, and U251 cells by \~20%, while the combination of Nb225 and Nb314 decreased the survival of both of these glioblastoma cell lines by \~25%. From these data, we can conclude that co-administration of nanobodies has, at least in most cases, better effects for the reduction of the survival of glioblastoma cells than separate use of these individual nanobodies. No differences were seen between glioblastoma stem cells and astrocytes. In this respect, the most effective co-administration was seen for the following nanobody pairs: Nb79 (anti-VIM)/Nb179 (anti NAP1L1); Nb179 (anti-NAP1L1)/Nb225 (anti-TUFM); and NB225 (anti-TUFM)/Nb314 (anti-DPSYL2). Good effects were also achieved with co-administration of Nb225 (anti-TUFM)/Nb79 (anti-VIM), with survival of U87MG cells decreased by \>20%.

In the continuation of this study, we were interested in whether re-addition of the same or different nanobodies after long-term treatments can increase the cytotoxic effects of these nanobodies on glioblastoma cells ([Figure 9](#fig9-1758835920915302){ref-type="fig"}). First, in this respect, a reference trial with temozolomide was performed. We found that two rounds of treatment with 50 μM temozolomide had no effects on glioblastoma stem cells (NCH421k, NCH644 cells) and astrocytes. It is interesting that temozolomide significantly reduced the survival of U251MG cells by 60%, while survival of U87MG cells was increased three-fold. This difference in sensitivities towards temozolomide can be attributed to differences between the individual cell lines that reflect the highly heterogeneous nature of glioblastoma tumours.^[@bibr70-1758835920915302]^ However, it should be noted that survival detection was determined indirectly by measurement of the metabolic activities of the cells.^[@bibr71-1758835920915302]^ Therefore, the higher metabolic activity of U87MG cells might explain higher signals when these cells were exposed to two rounds of temozolomide treatment.

Finally, the cytotoxic effects on cell survival of six different combinations of the four nanobodies (Nb79, Nb179, Nb225, Nb314) as consecutive treatments were determined. Thus, after the first incubation of the cells with the nanobodies at 10 μg/mL (Nb79, Nb179, Nb314) or 100 μg/mL (Nb225) for 72 h, a second incubation followed for a further 72 h with the same or other nanobody added. In general, the cytotoxic effects in all of these cases were stronger than for single nanobodies or concurrent treatments with two nanobodies. The most prominent effects here were from consecutive treatment with 10 μg/mL Nb79 (anti-VIM) and 100 μg/mL Nb225 (anti-TUFM). The first of these treatments (Nb79) reduced survival of U87MG cells by \>50%, of U251MG cells by 40%, and of the two glioblastoma stem cell lines by 40%. The second, consecutive, treatment (Nb225) then reduced survival of the glioblastoma stem cell line by \>50% for NCH421k cells, and by \~80% for NCH644 cells. With these stem cells, this combination treatment thus provided significantly higher destructive effects than temozolomide. This also confirmed the significant cytotoxic effects of the anti-TUFM nanobodies (Nb225) on the survival of glioblastoma cells, which has already been reported for single-dose treatment with an anti-TUFM nanobody on glioblastoma stem cells.^[@bibr38-1758835920915302]^ Similar data have been reported for other sequential applications of nanobodies, where survival levels of the glioblastoma cells ranged from 50% to 80%, and of glioblastoma stem cells from 55% to 85%. To some extent, these consecutive treatments with nanobodies also affected astrocytes, with survival mainly at 80--90%. However, the destructive effects on glioblastoma cells, especially glioblastoma stem cells, was considerably higher than the cytotoxic effects seen with astrocytes.

Full-length immunoglobulin antibodies that bind specifically to the target molecule with high affinity have been widely developed as a research tool, as well as for diagnostic and therapeutic purposes, but, because of their large size and hydrophilicity, they usually cannot cross intact cell or subcellular membranes in living cells. The vast majority of disease-related molecules and protein--protein interactions occur mainly in the cytosol and/or internal compartments of cells, which is also true of all target antigens in this study. Unlike standard antibodies, nanobodies, because of their small size, can better penetrate tissues and inhibit molecular targets, such as enzymes, that are much less addressed by standard antibodies. Numerous studies have reported single-domain antibodies that could transmigrate across human brain endothelial cells *in vitro*,^[@bibr72-1758835920915302][@bibr73-1758835920915302][@bibr74-1758835920915302]--[@bibr75-1758835920915302]^ but no cell penetration mechanism has been described. In our previous study we demonstrated efficient cross-membrane cellular uptake of the His-tagged anti-TUFM nanobody; however, here again, the mechanism itself remained unanswered.^[@bibr38-1758835920915302]^ Proteins taken up by endocytosis may be released from the endosomes by so-called 'endosomal escape'.^[@bibr76-1758835920915302]^ Studies of several groups have shown that histidines can provide additional pH-buffering by protonation of imidazole groups, facilitating endosomal escape.^[@bibr77-1758835920915302][@bibr78-1758835920915302][@bibr79-1758835920915302]--[@bibr80-1758835920915302]^ The nanobody, when bound to the target protein, can either act as an antagonist to prevent binding of a ligand, or as an allosteric inhibitor that alters the enzymatic activity of the protein.^[@bibr81-1758835920915302]^ In this study, most nanobodies showed a greater or lesser cytotoxic effect depending on the type of target cell, while anti-TRIM28 nanobody Nb237 showed no effect on glioblastoma cells, which could rule out the potential impact of contaminants in nanobody preparations obtained for all Nbs in the same way. We did not use the other reference nanobody in this study, but further detailed validation of the results will certainly require a more convincing control nanobody, such as anti-GFP.

Any interpretation of the findings of the present study needs also to take into consideration the heterogenous nature of glioblastoma. Indeed, individual glioblastoma stem cells and mature glioblastoma cells differ in their sensitivities to temozolomide, and the same appears to be true when they are treated with the nanobodies. It should also be noted that the cell lines tested in the present study were commercially available cell lines. To provide better understanding of the impact of nanobodies on glioblastoma cells, primary cell lines isolated from patients would be a more appropriate model, because of their closer resemblance to the 'real' environment. The preparation of such cells is foreseen for further studies. In addition, this study will be further enhanced by testing the effects of these nanobodies on three-dimensional cell models, as these better resemble the true state of a tumour, and allow for a more 'pathophysiological' study of the penetration and anti-migration effects of these nanobodies. Also, the blood--brain barrier could be applied to study the potential penetration of nanobodies.

To translate nanobody therapies into glioblastoma treatments, and to circumvent astrocyte cytotoxicity, optimal treatment schemes will be required. One possibility would be the construction of tumour-stem-cell-specific delivery systems that take into consideration tumour-stem-cell-specific membrane markers.^[@bibr82-1758835920915302][@bibr83-1758835920915302][@bibr84-1758835920915302]--[@bibr85-1758835920915302]^ Alternatively, nanobody administration directly to the location of a tumour can be considered.^[@bibr86-1758835920915302]^ Membrane-specific biomarkers in the field of glioblastoma research have been the subject of numerous studies in recent years, and efforts to discover new and even more specific biomarkers have been increasing.^[@bibr84-1758835920915302],[@bibr85-1758835920915302]^ Therefore, expectations of great progress of their use in the development of efficient delivery systems appear to be justified.

Conclusion {#section28-1758835920915302}
==========

In this study, we have shown that vimentin, NAP1L1, DPYSL2, CRMP1 and ALYREF have significantly higher expression in glioblastoma stem cells compared with astrocytes. The small-scale immunohistochemical study performed here has shown that, as a biomarker, vimentin can be used to differentiate between normal brain, glioblastoma and lower-grade glioma tissues, while TUFM, DPYSL2 and CRMP1 can be used to differentiate between glioblastoma and normal brain tissue. We suggest that nanobodies Nb79 (anti-vimentin), Nb179 (anti-NAP1L1), Nb225 (anti-TUFM) and Nb314 (anti-DPYSL2) are examined further for cell-targeting purposes. The anti-TUFM nanobody (Nb225), in particular, potently inhibited cell growth after long-term exposure of glioblastoma stem cells, with only minor effects on astrocytes. Further, the anti-vimentin nanobody (Nb79) can be considered for inhibition of cell migration. In addition, Nb79 was also potent in the reduction of glioblastoma and glioblastoma stem cell survival after long-term consecutive treatments, again with minor effects on astrocytes. However, to take these nanobodies forward into preclinical trials, and then ultimately to use them as therapies, optimal treatment schemes remain to be designed, or specific delivery systems to be constructed, to circumvent any cytotoxic effects on astrocytes.
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